 No in vitro model of osteoarthritis has been validated against the native disease 19  Cytokine and compression models are most commonly used 20  Cytokine based models often use concentrations far greater than values measured in vivo 21  Supraphysiological loads are also used often to exaggerate the response 22  The development of an in vitro model might require a combinatorial, multi-modal approach 23 Abstract 24 Osteoarthritis (OA) is a prevalent disease of most mammalian species and is a 25 significant cause of welfare and economic morbidity in affected individuals and populations.
Introduction
causes of disability worldwide. Most mammalian populations are affected, including humans IL-1 receptor (IL-1R) (Chevalier et al., 2009 ). Exposure to IL-1β stimulates chondrocytes and 145 synovial cells to produce catabolic proteases (Maccoux et al., 2007) with apocrine signalling 146 further enhancing MMP release and the resulting degradative cascade. The catabolic response 147 can be blocked by the inhibition of IL-1β through antagonism with the IL1-R antagonist (IL-148 1Ra) (Bujak and Frangogiannis, 2009 ).
150
Inflammatory molecules produced by chondrocytes in response to IL-1β, include 151 prostaglandin (PG)E 2 , cyclooxygenase (COX)-2, IL-6, IL-8 and leukaemia inhibitory factor 152 (LIF). IL-1β also leads to the accumulation of reactive oxygen species, through expression of 153 inducible nitric oxide synthase (iNOS) by the transcription factor nuclear factor kappa B (NF-154 κB), ultimately leading to apoptosis ( Fig. 2a ). This mechanism can also be accelerated by 1β-mediated damage to mitochondrial DNA, leading to a further release of reactive oxygen 156 species and enhancing apoptosis (Loeser, 2011). it is found in diseased synovial fluid (Horiuchi et al., 1999; , and is able to 170 induce catabolism and inhibit anabolic pathways in joint tissues and cartilage cells (Liacini et 171 al., 2003) . While IL-1β and TNF-α are the most commonly used cytokines in modelling OA, 172 other cytokines may also play important roles. Concentrations of IL-6, IL-8, vascular 173 endothelial growth factor (VEGF) and monocyte chemoattractant protein-1 (MCP-1) are all 174 increased in the synovial fluid of OA joints (Sohn et al., 2012) . Osteoclasts are recruited by 175 IL-6, and thus it may be an important modular of the bone remodelling observed in OA 176 (Silfverswärd et al., 2004) . However, in model designs, these cytokines are rarely considered, 177 possibly because they are characterised as chondrocyte-derived and thus they can be induced 178 by other cytokines such as IL-1β or TNF-α (Bunning et al., 1990) . Using cytokines in 179 combination may allow for the induction of OA-like cell and tissue responses that more 180 closely replicate the natural disease, particularly in lieu of synovial effects in the model 181 design.
183
In vivo determination of cytokine concentrations 184 Cytokine-based models use a wide variety of concentrations and durations of cytokine 185 stimulation, namely those which produce a measurable downstream effect, rather than a 186 concentration that reflects that in naturally occurring disease. Besides, OA is a slowly-187 progressing disease, and relatively small increases in cytokine concentrations have been 188 identified in naturally-affected joints.
190
When OA synovial fluid is assayed, the quantities of IL-1 (< 2 ng/mL) and TNF 191 (almost 3 ng/mL) are highly variable between experiments, but are low in comparison with 192 those used to exert an effect in vitro ( Table 2 ). The variation in physiological concentrations is evident and may be the result of several factors, including the method used to quantify the 194 cytokines, or the phenotype of the disease. In contrast, the concentrations used in models are 195 typically much higher at up to 100 ng/mL of IL-1β (Macrory et al., 2009) , and up to 50 196 ng/mL of TNF-α (Gabriel et al., 2010) . 
Co-culture-based cytokine models 252
Recognising that OA is a disease that affects and involves the interaction between 253 multiple tissues are co-culture experiments that permit the study of these interactions in vitro.
254
Cytokine or osmotic pressure stimuli can be easily applied to co-culture models, though the which is unsurprising because it is difficult to ascertain the precise cytokine environment to 277 which bone cells are exposed to in OA. Most data on cytokine roles in bone focus on the 278 specific roles of TNF-α, IL-6 and IL-1 release during osteocyte injury (Komori, 2013) . 279 Further, generation of RANKL is induced by IL-6 and IL-1, and mice lacking RANKL Cell loading models require high cell numbers that might not be available from some 313 sources. Using entire tissues overcomes this problem, and allows cells to use natural cell-314 matrix interactions and cross-tissue communication as well as much greater forces.
315
Conversely, native tissue experiments are limited to larger species and lower numbers of 316 replicates. Additionally, cells have been shown to undergo substantial cell death at the cut The signalling pathways induced by static loading and cytokine induction are similar 344 and the mechanism that governs both is similar in both models (Fig. 2b) . The compression 345 pathway, however, appears reliant on the magnitude and duration of the stress (Fanning et al., 
Co-culture based loading models
Relevance of load: From in vivo to in vitro models 444 The validity of a loading model depends, at least to some extent, on its relationship 445 with the natural environment of the joint and its loading in vivo. The loading parameters of a 446 selection of cell and tissue loading models are presented in Table 3 . The use of scaffolds can 447 impart some structure to the cells for culture-based models, and permit cyclic loading of 448 isolated cells, albeit within ranges that are governed by the strength of the matrix in which 449 they are embedded.
451
The heterogeneity of the cartilage structure means that precise reconstruction of the 452 tissue in vitro may not be possible, and so compromises must be made when constructing a 453 load based model (Gannon et al., 2012) . The individual phenotype of each chondrocyte is 454 related to their location in the tissue (Fujioka et al., 2013; Schuurman et al., 2015) and 455 therefore in homogeneous tissue models, chondrocytes may not behave in the same manner. responsiveness of bone to stimuli, and the cross talk that occurs between the different tissues 469 in OA joints dictate that models should consider the role of multiple tissues when assessing 470 the response to a given stimulus so as to enable more meaningful translation to the 471 anticipated response in vivo.
473
There is no all-encompassing model that is suitable for all studies of OA, and no 474 single model can be used to perfectly simulate naturally-occurring events. Whilst models 475 seek to answer specific biological questions, more standardised end-points for the molecular 476 and physiological parameters assessed are necessary, as at present it is impossible to directly 477 compare the outcomes of the many in vitro OA models published in the scientific literature. 
